Aims. Our aim is to obtain more information about the physical nature of B-type asteroids and extend on the previous work by studying their physical properties derived from fitting an asteroid thermal model to their NASA's Wide-field Infrared Survey Explorer (WISE) data. We also examine the Pallas collisional family, a B-type family with a moderately high albedo in contrast to the large majority of B-types.
Introduction
The study of asteroids is important to gain knowledge about the origin and evolution of our planetary system. Asteroids are relics of the Solar System's formation and the building blocks of the terrestrial planets. Primitive asteroids, i.e. those belonging to the so-called spectroscopic Ccomplex and having in general visible geometric albedo p V < ∼ 0.1 and featureless, flat visible spectra, are particularly relevant in this context. Thought to have formed further away from the sun than the other asteroid classes, primitive asteroids have experienced less heating and alteration processes and have a more pristine composition, potentially preserving crucial information about the early Solar System. In addition, primitive asteroids play an important role in current exobiological scenarios as they delivered complex organic molecules to the early Earth. This organic matter is prerequisite for the synthesis of pre-biotic biochemical compounds that would subsequently lead to the emergence of life (Maurette 2006, and references therein) . For these and other reasons, upcoming sample return space missions have selected primitive asteroids as primary targets: NASA's OSIRIS-Rex (Campins et al. 2010b; Lauretta et al. 2010 ), ESA's Marco Polo-R (Barucci et al. 2012; de León et al. 2011) ; and JAXA's Hayabusa-2 1 .
Data
A general introduction to WISE can be found in Wright et al. (2010) and references therein. Of particular interest to Solar System science is the NEOWISE project. This acronym collectively refers to two enhancements to the WISE data processing system that were designed to allow detection and archiving of Solar System objects (for details, see Mainzer et al. 2011a ).
WISE used four broad-band filters with approximate isophotal wavelengths at 3.4, 4.6, 12 and 22 µm, referred to as W1, W2, W3 and W4, respectively (Wright et al. 2010 ). The WISE All-Sky
Single Exposure L1b Working Database, published in April 2012 and available via the IRSA/IPAC archive 2 , includes the corresponding magnitudes and uncertainties in the Vega system as well as quality and contamination and confusion flags that enable us to reject defective data (Cutri et al. 2012 ).
We follow a combination of criteria found in Mainzer et al. (2011b,c) ; Masiero et al. (2011) and Grav et al. (2012) in order to ensure the reliability of the data. We implement the correction to the red and blue calibrator discrepancy in W3 and W4; we use a cone search radius of 0.3 ′′ centred on the MPC ephemeris of the object in our queries; all artifact flags other than p, P and 0 and quality flags other than A, B and C are rejected; we require the modified Julian date to be within 4 seconds of the time specified by the MPC and split groups of epochs separated more than three days (see the end of this section); we ensure that the data is not contaminated by inertial sources by removing those points that return a positive match from the WISE Source Catalog within 6 ′′ ;
finally, all remaining observations in a given band are rejected if they are fewer than 40% of the data in the band with the maximum number of detections.
On the other hand, we do not use data saturated to any extent. The onset of saturation is reported to correspond to magnitudes M W1 < 6, M W2 < 6, M W3 < 4, M W4 < 3 (Cutri et al. 2012) . We found that enlarging the error bar of partially saturated data to 0.2 magnitudes (which translates into a relative error of 20% in fluxes) renders the corresponding band to play no effective role in the thermal model fit by not contributing significantly to the χ 2 .
The application of the above criteria results in a sample of 111 B-type Main-Belt objects with WISE observations usable for our purposes. Some asteroids have been observed by WISE in more than one uninterrupted group of epochs with different observation geometries. We also model separately such groups of observations if they are more than three days apart (see Appendix A and Mainzer et al. 2011b ). Consequently, we have a larger set of parameter determinations than asteroids in the sample.
Thermal modelling
The modelling of WISE asteroid data implemented in this work closely follows Mainzer et al.
(2011b,c); Masiero et al. (2011) and is based on the Near-Earth Asteroid Thermal model (NEATM, Harris 1998) and the IAU phase curve correction to the visible magnitude (Bowell et al. 1989) . For the sake of reproducibility, we include a detailed account of our procedure in Appendix A and enumerate the few differences with respect to Masiero et al. and Mainzer et al. below .
The number of parameters we can fit for each object depends upon how many and which WISE bands are present in its data set. Parameter default values are chosen based on the peak of Whenever there is one single or no thermal band available (W2, W3 or W4) we assume η = 1.0; R p is is fixed to 1.5 unless we have at least 50% contribution of reflected sunlight in W1 data. The last criterion is based on the consistency of our parameter determinations for objects with double detections 3 . Namely, both groups of observations of asteroids (1076) and (2446) These considerations allow asteroid size to be fitted in all cases and, by means of the relation
the geometric visible albedo can be computed. In contrast, W1 and W2 data are more often rejected based on the data requirements (see Sect. 2) than the purely thermal bands and one will usually be able to obtain fewer R p determinations than η or indeed D.
It is important to point out that we do not use physical data previously determined by direct measurements such as radar diameters or albedos to constrain our fits, i.e. we limit ourselves to using radiometrically derived sizes. This will introduce variations on the parameter determinations of some individual asteroids -specially the largest ones since it is more likely that more direct measurements have been performed-as compared to Masiero et al. (2011) , but should not affect the result of statistical analyses if the populations studied consist of a significant number of objects.
In Appendix B we show that, given the same input values of H, our best-fit parameter values are consistent within the errorbars, though we find that our R p determinations are systematically lower by ∼10%. On the other hand, the update of ∼ 45% of the MPC H-values in our sample does change the values of p V (see Eq. 1) and R p . As shown in Fig. 1 , the updates tend to be toward greater values of H, which will result in lower p V and greater values of R p than those of Masiero et al. (2011) .
For more details, see Appendix B. 
Results

Value distributions of η, p V and R p
The distributions of η, p V , R p and p IR obtained for the B-types are shown in Fig. 2 (the complete set of parameters determinations is given in Table 1 We find a η-value distribution centered at unity, consistent with the average value obtained for the whole Main Belt (Masiero et al. 2011) . The broad and asymmetrical p V distribution extends to p V > 0.1. The R p distribution is also broad, whereas the values of p IR are more compactly distributed around the mean. Table 2 ); we also include all main belt asteroids taken from Table 1 of Masiero et al. (2011) are in empty grey circles. The horizontal line is an artificial feature corresponding to objects with the default fixed value of R p =1.5.
Albedo ratio
We have also analysed the R p -values of the sample of 45 B-types studied by de León et al.
(2012) separately. The spectra of these asteroids were classified into six "average spectra" or "centroids" referred to as G1, G2, ... G6 (see Sect. 1). These show a progressive decrease in spectral gradient in the NIR interval (0.8-2.5 µm), ranging from a positive (red) slope for G1 to a negative (blue) slope for G6. In Fig. 4 , we plot R p versus p V labelling the objects in the different centroids (2012) . In terms of spectral slope up to 2.5 µm, cluster G5 is the bluest, whereas G1 is the reddest. Note: the errorbar is the standard error of the mean.
G1, . . . G5. Note that cluster G6 is not included since it is composed only of one member, (3200)
Phaethon, which did not have enough WISE observations to perform a reliable fit. The average values of p V for each cluster increases from G1 to G3, retaining the same value from G3 to G5.
This might suggest an inverse correlation between the cluster NIR slope and p V , though the small number of objects per cluster with WISE observations (2 objects in G1, 12 in G2, 6 in G3, 5 in G4, and 3 in G5) prevents us from stablishing a firm conclusion.
In Fig. 5 , the average R p -value is plotted for the different clusters. This figure suggests a correlation between the average R p and the NIR slope of the relative reflectance of the clusters: objects with higher R p belong (on average) to clusters with higher NIR spectral slope in the ∼ 1.0-2.5 µm range (see also The W1 band pass spans the 2.8 to 3.8 µm range (Wright et al. 2010) ; therefore, the values of R p may also be diagnostic of the presence of the 3-µm absorption feature attributed to hydrated minerals or water-ice detected on many asteroids (Rivkin et al. 2000; Gaffey et al. 2002; Campins et al. 2010b; Rivkin & Emery 2010; ). Mainzer et al. (2011c ruled out the possibility of detecting the hydration band from WISE data based on the fact that the average R p for a sample of 7 M-types with positive detections of the band (Rivkin et al. 2000 ) cannot be distinguished from that corresponding to other 33 M-types. However, this test might not be meaningful given that the R p -values have errorbars at least larger than the characteristic depth of the absorption feature. Below we provide evidence that the W1 may be sensitive to the 3-µm feature.
Our first step was to assemble VNIR spectra up to ∼ 3.6 µm of a list of nine C-complex control asteroids. All of these asteroids are primitive, including some B-types, such as (2) Pallas or (45) Eugenia, and some of them show a distinct absorption feature. The assembled spectra are plotted along with the best-fit value of R p in Fig. 6 . We collected or digitised data from Hiroi et al. (1996) , SMASS-II (Bus & Binzel 2002 ), the 52-Color Survey (Bell et al. 2005) , Rivkin et al. (2003) and de León et al. (2012) . Taking into account the errors associated with superimposing spectra obtained at different epochs of observation with different equipment and the uncertainties in the spectra and in the value of the albedo ratio, the latter is not expected to exactly match the value of the spectra at 3.4 µm. Owing to these deviations, seen in Fig. 6 , one cannot confirm nor rule out the presence of the absorption feature based on the value of R p alone.
Next, we combined the values of R p with the observed relative reflectances at 2.5 µm available from other datasets. Rivkin et al. (2003) use the parameter 1 − R λ /R 2.5 as a rough measure of band depth. Because the band minima are usually near 3.0 µm and given that W1 results from an average over 2.8 to 3.8 µm, the parameter b ≡ 1 − R p /R 2.5 is not to be taken as a measure of band depth but as a helpful parameter to quantitatively compare the values of relative reflectances at 2.5 and 3.4
µm. If a deep absorption band is present, R p is in general expected to be < ∼ R 2.5 and hence b > ∼ 0, as is the case of (19) Fortuna. There is one general case for which this interpretation would be wrong: (2012), after normalising to unity at 0.55 µm. In order to test for statistical significance, we resort to the Kolmogorov-Smirnov (KS) test, which enables one to reject the null hypothesis that a given set of unbinned values is compatible with having been drawn from a given distribution function (see e.g. Press et al. 1986) . As the null hypothesis we take a gaussian distribution with zero mean. This choice is based on the mean value of b that we would expect considering that interpolating between R 0.55 = 1 andR p = 1 givesR 2.5 = 1.0 ⇒b = 0 (see Fig. 9 ). The KS test amply rules out the null hypothesis that the B-types b-values are drawn from a gaussian distribution of zero mean regardless of its width (σ).
To demonstrate the robustnest of this result even further, we carried out the same procedure for a list of asteroids belonging to the S-complex, including all Bus-DeMeo pure S-types for which we found the value of R 2.5 was available from the literature and for which R p could be computed, plus enough randomly selected S subtypes to get the same number of b-values we derived for the B-types (see Table 4 ). S-type asteroids are "anhydrous" and have positive spectral slopes up to 2.5 µm so that in the absence of a 3-µm absorption feature one would expect a negative value of b if the spectral slope maintains its trend up to 3.4 µm. Taking into account thatR p ≃ 1.67 for this sample of S-types, from the interpolated valueR 2.5 ≃ 1.46 (see Table 3 ), the expected mean value of b would beb = −0.14 (see In the preceeding subsection we showed that our values of R p are systematically ∼10% lower than those of Masiero et al. (2011) . We carried out the same procedure enlarging our R p values 10% and the conclusions still hold.
To conclude, we find that the majority of B-types with computed b-values verify b > 0 and that very few present a clearly negative value of b, which means that even for those B-type spectra with a positive slope in the 2.5 µm region (approximately half of the objects in de León et al. 2012) there is a reduction in the reflectivity around 3.4 µm. As discussed above, for asteroids of the C-complex, the 3-µm absorption feature has been attributed to hydrated minerals or water-ice. The presence of goethite has been also proposed as an alternative explanation for this band (Beck et al. 2011 ). Nonetheless, while other closely related minerals have been found in both meteorite and asteroid spectra, extrarrestrial goethite has never been identified within the meteorite inventory, so the possibility that putative goethite-containing asteroids never found a dynamical collisional pathway to Earth is less likely than the simpler interpretation: goethite is not present in asteroidal surfaces (Jewitt & Guilbert-Lepoutre 2012) . Therefore, from the distribution of b-values, we conclude that most asteroids in this sample (which constitutes < ∼ 40% of the B-type population with computed R p ) present this absorption and that "water" (be it bound or free) may be common among the B-type asteroids.
The Pallas collisional family
We use the most up-to-date Pallas family list by (Nesvorny 2012). WISE has observed 46 of the objects in this list. Histograms of beaming parameter and albedo determinations are shown in Fig.   10 (the complete set of parameters is shown in Table 4 ). Given that the R p value could only be fitted for seven objects, we do not include histograms for R p and p IR . In Table 6 we present the mean values of η, p V and R p along with their corresponding standard deviations and contributing number of determinations. The average η value of the PCF is consistent with that of the B-type population and that of the Main Belt (Masiero et al. 2011) . However, the PCF has a moderately high albedo of ∼ 14%, significantly higher than the rest of the B-types and indeed higher than the value expected for primitive asteroids, whereas their average R p is lower than the average value for the B-types (cf. Table 
Discussion
In Sect. 4.2 we present statistically significant indications that water may be common within our sample, and in Sect. 4.3 we point out how the PCF have higher geometric visible albedos and more homogeneously distributed R p -values than the rest of B-types. The purpose of this section is to put these results in the context of other studies in the literature.
In the context of the geophysical models of the Themis and Pallas parent bodies by Castillo-Rogez & Schmidt (2010) and Schmidt & Castillo-Rogez (2012) , the detections of water ice and organics on the surface of (24) Themis (Rivkin & Emery 2010; Campins et al. 2010b ) and us to ponder the possibility that a sequential or progressive physical process could explain the differences in the value distributions of p V and R p . Unfortunately, there are many possible mechanisms underlying the observed NIR spectral variability of primitive asteroids (e.g. regolith particle sizes, space weathering as a function of asteroid familiy age and composition, thermal processing) and these are difficult to disentangle (Ziffer et al. 2011 ).
Conclusions
We discrepancies in the determinations of R p that we cannot explain but is most probably attributable to small differences in the tabulated solar flux data necessary to estimate the reflected light component at 3.4 µm. This work led to the following conclusions:
1. We derived the distribution of η, p V and R P fot the B-type asteroids (see 
We computed b-values for a set of B-type asteroids and S-complex asteroids, which present
b > 0 andb < 0, respectively (Fig. 8) . While the latter result is consistent with objects of the S-complex being anhydrous, the former indicates that the majority of B-type asteroids b-values in this study are consistent with the presence of a 3-µm absorption feature usually attributed to hydrated minerals or water-ice; therefore, water must have played a key role in the evolution of a large fraction of the B-types, supporting recent works discussed in Sect. 5.
4. We have also studied the Pallas collisional family. On the one hand, the average albedo (p V = 0.14 ± 0.05) of this familly is significantly higher than the average albedo of B-types (p V = 0.07 ± 0.03) and moderately high compared to what is traditionally considered to be the albedo of primitive asteroids (< 0.1). On the other hand, the albedo ratio values of the PCF members are very low and homogeneous (R p = 0.5 ± 0.1). These results clearly show the fundamental differences between the Pallas Collisional Family and the rest of B-types.
In addition, the connection of the NEA (3200) Phaethon to the Pallas Collisional Family sta- 
If we assume that the sun is well approximated by a black body emitter at the solar effective temperature (T ⊙ = 5778 K), the estimated reflected flux at any other desired wavelength (r λ )
can be computed by normalising the black body emission B λ (T ⊙ ) to verify r V , i.e.
In this approximation, we can also consider
from which we arrive at the following expression:
where the subscript IR denotes 3.4 µm. Note that we do not color correct this component given the small correction to the flux of a G2V
star (see Table 1 of Wright et al. 2010) . Finally, in order to account for possible differences in the reflectivity at wavelengths longward of 0.55 µm, a prefactor to r λ is included in the model, such that
This prefactor, R p , is by definition equivalent to the ratio of p IR and the the visible geometric albedo, so we will refer to it as the "albedo ratio". The paremeter p IR is the reflectivity at 3.4 and 4.6 µm defined by Mainzer et al. (2011b) .
To sum up, the observed model flux can then be written as:
We use the Levenberg-Marquardt algorithm (Press et al. 1986 ) in order to find the values of asteroid size (D = √ Ω, in km), beaming parameter (η) and albedo ratio (R p ) that minimise the χ 2 of the asteroid's WISE data set, namely 
The derivation of the exact analytical expresion for the first factor is considerably long to be in- 
